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The production of high-energy astrophysical neutrinos is tightly linked to the emission of hadronic 7-rays. I will 
discuss the recent observation of TeV to PeV neutrinos by the IceCube Cherenkov telescope in the context of 
7-ray astronomy. The corresponding energy range of hadronic 7-rays is not directly accessible by extragalactic 7- 
ray astronomy due to interactions with cosmic radiation backgrounds. Nevertheless, the isotropic sub-TeV 7-ray 
background observed by the Fermi Large Area Telescope (LAT) contains indirect information from secondary 
emission produced in electromagnetic cascades and constrains hadronic emission scenarios. On the other hand, 
observation of PeV 7-rays would provide a smoking-gun signal for Galactic emission. In general, the cross¬ 
correlation of neutrino emission with (extended) Galactic and extragalactic 7-ray sources will serve as the most 
sensitive probe for a future identification of neutrino sources. 


1. Introduction 

The recent observation of a flux of high-energy as¬ 
trophysical neutrinos mmmm has added an impor¬ 
tant new pillar to multi-messenger astronomy. Neu¬ 
trinos are tracers of hadronic interactions of cos¬ 
mic rays (CRs) via the production and decay of 
charged mesons. Unlike the observation of 7-rays, 
which can also be produced by leptonic emission, 
i.e. synchrotron emission, bremsstrahlung or inverse- 
Compton scattering of high-energy electrons, the de¬ 
tection of neutrinos is direct evidence of the presence 
of high-energy CRs. Due to their weak interaction 
with matter neutrinos at all energies can arrive from 
very distant sources and probe the Universe as far as 
the Hubble horizon. In contrast, 7-rays at energies 
beyond a few TeV scatter strongly in cosmic radi¬ 
ation backgrounds and initiate electromagnetic cas¬ 
cades shifting the 7-ray emission into the sub-TeV re¬ 
gion. Cosmic rays are deflected via Galactic and ex¬ 
tragalactic magnetic fields and can only correlate with 
their sources at energies approaching the Greisen- 
Zatspin-Kuz’min (GZK) cutoff [5JEj, Eqzk — 50 EeV. 
Thus, astronomical observations of non-thermal point 
sources emitting in the energy band between 10 TeV 
and 10 EeV are only possible via astrophysical neu¬ 
trinos. 

On the other hand, the weak interaction of neu¬ 
trinos with matter is a challenge for their detection 
requiring enormously large instruments. One possibil¬ 
ity consist of the detection of Cherenkov light emitted 
by high-energy secondary charged particles produced 
in neutrino interactions in optically transparent me¬ 
dia. This is the concept of the IceCube detector which 
consists of a cubic kilometer of deep glacial ice at the 
geographic South Pole that is instrumented by an ar¬ 
ray of digital optical modules (DOMs). The small 
number of signal events have to compete against large 
backgrounds from CR activity in the atmosphere pro¬ 
ducing high-energy muons and atmospheric neutrinos. 

Only recently, the IceCube Collaboration was able 
to identify a flux of high-energy astrophysical neutri¬ 


nos m 1 is u. The flux of neutrinos observed in 
the so-called high-energy starting event (HESE) anal¬ 
ysis consists of 37 events with deposited energies be¬ 
tween 30 TeV and 2 PeV observed within a period of 
three years [3 ■ To extract an astrophysical signal the 
analysis identifies events with bright Cherenkov light 
emission of secondary charged particles that passed a 
virtual outer veto layer of DOMs [7] . This does not 
only veto most of the atmospheric muons, but also a 
large portion of atmospheric neutrino in the Southern 
Hemisphere which are vetoed by co-produced shower 
muons [Sj ■ The topologies of the HESE events are 
classified in terms of tracks and cascades, depending 
on whether the neutrino interaction produced a muon 
track inside the detector or just a nearly spherical 
emission pattern at its interaction vertex, respectively. 
The expected number of background events are about 
15 atmospheric muons and neutrinos. The total sig¬ 
nificance of the flux is at 5.7<r [3]. 

Figure [l] shows the distribution of the HESE events 
in Galactic coordinates. The different event topolo¬ 
gies of tracks and cascades are shown as diamonds and 
filled circles, respectively. The area of the symbols in¬ 
dicate the relative increase of deposited energy. The 
most energetic events consist of three PeV cascades 
(#14, #20 & #35). Due to the spherical emission 
of the cascades the uncertainty in the reconstruction 
of their initial neutrino arrival direction is typically 
larger than 10° and is indicated as thin circles in the 
sky map. For tracks the reconstruction has a resolu¬ 
tion of better than 1°. The red shaded area shows 
10% steps of the minimal Earth absorption of neutri¬ 
nos in the sample assuming 30 TeV as their minimum 
energy. Accounting for the zenith angle dependence of 
signal and background the emission is consistent with 
an isotropic and equal-flavor flux at a level of 

El Jl° ~ (0.95 ± 0.3) x 10“ 8 GeVs -1 cm 2 sr“ 1 , (1) 

per neutrino flavor assuming an E~ 2 power-law emis¬ 
sion. Track events can only be produced by charged 
current interactions of muon neutrinos and hence the 
track-to-cascade ratio contains information of the fla- 
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Figure 1: The arrival directions of IceCube events from Ref. [5]. The events are classified as tracks (diamonds) and 
cascades (filled circles). The relative detected energy of the events is indicated by the area of the symbols. The thin 
lines around the arrival direction of the cascade events indicate the systematic uncertainty of the reconstruction. Two 
likely background events (#28 and #35) from the 37 events are omitted from the plot. The red shaded region shows 
the minimal ( E „ = 30 TeV) absorption of the neutrino flux due to scattering in the Earth in 10% steps. 


vor composition [9UT0UIIUT2UT3]. A recent analysis 
of IceCube shows that the observation is consistent 
with an equal flavor composition expected from as- 
trophysical sources M- The best-fit spectral index of 
the HESE analysis is at 2.3 with an total uncertainty 
of ±0.3 [3j. Note, that a recent IceCube analysis ex¬ 
tending the veto idea to neutrinos at (1-10) TeV favors 
a softer spectrum of 2.46 ± 0.12 0]. 

Various astrophysical scenarios have been suggested 
that might be (partially) responsible for the ob¬ 
served flux of neutrinos. The absence of signifi¬ 
cant signs of anisotropy in the data is consistent 
with an extragalactic population of sources. Source 
candidates include galaxies with intense star forma¬ 
tion Hang HU EE! EM, cores of active galactic nu¬ 
clei (AGN) [311 EH EE] , low-luminosity AGN [341135] , 
blazars [26l E3 [28] , low-power GRBs [29], |30j [31] , can¬ 
nonball GRBs [32] , intergalactic shocks [55] , and ac¬ 
tive galaxies embedded in structured regions EHH 
[551 . Galactic contributions are in general identifiable 
by anisotropies in the arrival direction of neutrinos. 
The data shows no evidence for this, but this might 
be hidden by the limited event statistics and angu¬ 
lar resolution of cascades. Possible contributions to 
super-TeV neutrinos are the diffuse neutrino emis¬ 
sion of galactic CRs [361 [57] [551, the joint emission 
of galactic PeV sources [59J 00] or microquasars 02, 
and extended galactic structures like the Fermi Bub¬ 
bles [361, 03! 03] or the galactic halo [44]. A possible as¬ 
sociation with the sub-TeV diffuse galactic 7 -ray emis¬ 
sion [451 and constraints from the non-observation 


from diffuse galactic PeV 7 -rays |i36] 06], have also 
been investigated. More exotic scenarios have sug¬ 
gested a contribution of neutrino emission from de¬ 
caying heavy dark matter mmmm- 

Constraining the origin of the IceCube observation 
by neutrino data itself is challenging due to low event 
statistics, large backgrounds and systematic effects. 
Progress can be made by the fact the neutrino emis¬ 
sion is intimately related to the production of hadronic 
7 -rays. Observation of 7 -ray astronomy can hence 
help to constrain or identify the neutrino emission. 
In particular, the wealth of data coming from the 
Fermi telescope which allows for a cross-correlation 
with neutrino events in IceCube’s field of view can 
help to identify possible sources, as we will discuss in 
the following. 


2. Pinpointing Neutrino Sources 


As mentioned in the introduction the neutrino ob¬ 
servation is consistent with an isotropic flux. This 
would naturally arise from a superposition of faint 
point-sources of an extra-galactic source population. 
For simplicity, let’s consider a distribution of contin¬ 
uously emitting sources with the same emission rate 
Qv(E) oc E -7 and red-shift dependent density l~L{z). 
The individual point-source spectrum J (in units of 
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GeV *s 1 cm 2 ) at red-sliift z is then given as 


J(z,E) = 


(1 + z) 2 Q„((1 + z)E) 
4tt d 2 L {z) 


( 2 ) 


for a luminosity distance dz,(z) = (1 + z) f d z'/H(z') 
defined by the red-shift Hubble expansion rate H(z). 
In the following we assume a flat universe dominated 
by vacuum energy with Ha ~ 0.7 and cold dark matter 
with fi m ~ 0.3 12 ]. The Hubble parameter at earlier 
times is then given by its value today of H 0 ~ 70 
km s -1 Mpc -1 and the relation H 2 (z) = Hq (Ha + 
H m (l + z) 3 ). On the other hand, the average diffuse 
flux of neutrinos originating in multiple cosmic sources 
is simply given by 


Jtot{E u ) — 


4-7T 


! dV 

d z—H(z)J v (z,E), (3) 


where V(z) = ( 47 r/ 3 )d 3 (z) is the co-moving volume 
with co-moving distance d c (z) = cLl{z)/{ 1 + z). This 
quantity is normalized by the diffuse flux of Eq. 0 - 
The contribution of an (average) source at co-moving 
distance r can then be expressed via the local density 
Ho = H( 0) and an evolution factor 


UE)= dz 


(1 + z) 


-7 


H(z) 


\/Ha + (1 + z) 3 fl m H( 0) 


(4) 


Based on the diffuse flux ( T|) we can then estimate the 
contribution of individual point sources. For a con¬ 
tinuously emitting source at a distance d = dilO Mpc 
the mean neutrino flux is given as 


E 2 J V - 


(0.9 ±0.3) x 10 " 12 TeV 
£z, 2 . 4 Ho,- 5 d? cm 2 s 


(5) 


where Ho = "Ho,_ 5 lO - 5 Mpc ~ 3 is the local source den¬ 
sity. An analogous argument can be made for tran¬ 
sient sources [52] • In this case the time-integrated 
neutrino flux F (in units of GeV -1 cm -2 ) from an in¬ 
dividual transient can be expressed as 


E 2 F„ 


0.3 ±0.1 GeV 
6 ,2.4W0,_ 6 d? cm 2 ’ 


( 6 ) 


where Ho = 'Ho,- 6 lO - 6 Mpc - 3 yr -1 is the local flar¬ 
ing/burst density rate. 

In Eqs. ([5]) and ^ the distance d and density H are 
kept as independent parameters. However, the first 
identified neutrino point-source will be the brightest 
one in the field of view (FoV), i.e. the closest one for 
equal-luminosity sources. The position of the clos¬ 
est source of an ensemble follows a statistical distri¬ 
bution [52]. Figure [ 2 ] shows the expected flux range 
of the closest continuous (top) or transient (bottom) 
neutrino source assuming a homogeneous local distri¬ 
bution with density Ho or density rate Hq, respec¬ 
tively. The different shaded bands indicate the 10% 




[Mpc -3 yr -1 ] 


Figure 2: Expected emission of the closest neutrino 
source in terms of the average source density. The 
shaded regions show the 10 % percentiles around the 
mean (solid line) expected from a random distribution of 
sources (from Ref. 152)1. 


percentiles around the mean (solid line). The calcu¬ 
lation assumes a source distribution following that of 
star-formation rate, ~ 2.4, using the estimates of 
Refs. [53] EH- The plots in Fig. [2] also indicates the 
point-source sensitivity of IceCube in the Northern 
Hemisphere after 5 years of observation. IceCube is 
presently only sensitive to sparse sources with den¬ 
sities of Ho < l(V 7 Mpc ~ 3 like flat-spectrum radio 
quasars or very rare Ho 1$ 10 -8 Mpc ~ 3 yr -1 transient 
source classes like gamma-ray bursts. 

Significant progress can be made by cross- 
correlating neutrino events with source catalogues [55[ 
!56| . In particular, Fermi observations of extra-galactic 
7 -ray sources with an un-biased FoV provide an ex¬ 
cellent catalogue for stacking searches, e.g. blazar 
sources 152 ■ In particular, the large background of 
atmospheric events can be significantly reduced by 
searching for neutrino events in coincidence with the 
position and time of transient sources [56j . For in¬ 
stance, IceCube has been looking for neutrino emis¬ 
sion in coincidence with gamma-ray bursts (GRBs). 
The present limit on the combined (“stacked”) emis¬ 
sion from GRBs reported via the GRB Coordinates 
Network [55] and the Fermi GBM catalogs over a pe¬ 
riod of five years places an upper limit on their diffuse 
muon-neutrino flux which is about 1 % of the observed 
diffuse emission 0. constraining the GRB origin of 
the emission [59] . 
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3. Diffuse Neutrinos 

The overall energy density of the observed neutrino 
flux is close to a theoretical limit for neutrino pro¬ 
duction in the sources of ultra-high energy (UHE) 
CRs HQ]. This might just be a coincidence, but it 
can also indicate a multi-messenger relation. The neu¬ 
trino and CR nucleon (N) emission rates Q (in units 
of GeV -1 s -1 ) are related via 

^j2eiqm)^\yt^ e2nQ N {En ) (7) 

where /,r < 1 is the pion production efficiency, I \ 7r the 
ratio of charged to neutral pions and E„ ~ 0.05 E^. 
The emission rate density of UHE CRs depend on 
spectrum and composition. For an E~ 2 flux of pro¬ 
tons it can be estimated as E p Q p (E p ) ~ (1 — 2) x 
10 44 ergMpc -3 yr -1 [6T|. Hence, using Eq. © the 
diffuse neutrino flux can be estimated as 

ElJ v {E v ) ~ (2 - 4) x 10 -8 GeV cm -2 s _1 sr, 

„ (8) 

were is again given by Eq. Q. Since / w < 1 this 

provides a theoretical upper limit on neutrino produc¬ 
tion, the Waxman-Bahcall (WB) bound [60] . 

Neutrino fluxes close to this limit would require 
very efficient CR production with optical thickness 
t pi/pp ^ 1 ’ suc h that ~ 1, i.e. CR reservoirs [52i 
such as starburst galaxies [Hj [63] or clusters of galax¬ 
ies [O 55, 63]. Interestingly, the energy density of 
Galactic CRs require a similar energy density. Assum¬ 
ing that 1% of the kinetic energy of 10 51 erg of a super¬ 
nova (SN) explosion is converted to CRs and assum¬ 
ing normal galaxies with densities No — 10 -3 Mpc -3 
and a SN rate of 10 -2 yr -1 we arrive at E p Q p (E p ) ~ 
10 44 ergMpc -3 yr -1 . This coincidence together with 
the saturation of the WB bound has let to specula¬ 
tions that Galactic and extragalactic CRs might be 
produced in the same transient sources [62]. 

Hadronic interactions of CRs will not only produce 
neutrinos, but also hadronic y-rays. The production 
rates are related by 

- ^e 2 q^(e 7 ) . (9) 

Cst 

Note, that this relation does not depend on the pion 
production efficiency, but only on the relative charged- 
to-neutral pion rate K v . However, the production rate 
described by Eq. © is not necessarily the emission 
rate of the sources. For instance, in hadronic sources 
that efficiently produce neutrinos via py interactions 
the target photon field can also efficiently reduce the 
hadronic y-rays via pair production. Inverse-Compton 
scattering and synchrotron emission in magnetic fields 
will then shift the emitted y-ray spectrum to lower en¬ 
ergies. This is a calorimetric process that will conserve 
the total energy of hadronic y-rays. 



Figure 3: Isotropic y-ray background (IGRB) inferred by 
Fermi ESI compared to the diffuse per-flavor neutrino 
flux observed by IceCube Q] [4] (updated plot of 
Ref. <33 )■ The black lines show possible neutrino models 
consistent with the IceCube data. The red lines are the 
corresponding y-rays of pp scenarios reprocessed in the 
cosmic radiation background. The thick and thin solid 
lines show a power-law emission with T = 2.15 and 
r = 2, respectively, with an exponential cutoff around 
PeV. The dashed lines show an emission that is peaked 
in the lOTeV-PeV and only contributes in the y-ray 
emission via cascades photons. 


On the other hand, optically thin sources where the 
hadronic production is dominated by CR-gas interac¬ 
tions (pp sources) are expected to release the hadronic 
y-rays described by Eq. Q . For this production mech¬ 
anism the pion production efficiency is only weakly 
depend on the initial CR energy. The emitted neu¬ 
trino and y-ray spectra essentially follow the initial 
power-law spectrum of CRs, cf. Eq. (J7|. Neverthe¬ 
less, the high-energy y-rays of extragalactic sources 
will interact with cosmic radiation backgrounds, in 
particular the cosmic microwave background. Here 
again, the pair production and subsequent inverse- 
Compton scattering of the high energy electrons will 
lead to electromagnetic cascades. As a result, the ini¬ 
tial energy density of hadronic y-ray will be shifted 
into the sub-TeV y-ray band, where they supplement 
the direct emission of the source. The observed y- 
ray background in this energy region provides hence 
a general upper limit on the diffuse hadronic emis¬ 
sion [65] . which also applies to the production of 
cosmogenic neutrinos produced via the GZK interac¬ 
tion [661167] [65 ] 166 ] . 

Figure [3] shows three pp emission scenarios that 
follow the diffuse neutrino observation in the TeV- 
PeV energy range. The black and red lines show 
the neutrino and y-ray spectra after accounting for 
cosmic evolution and cascading in cosmic radiation 
backgrounds. The thick solid line shows the case of 
an emission following E -215 with an exponential cut- 
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off around PeV. This scenario is marginally consistent 
with the inferred isotropic diffuse 7 -ray background 
(IGRB) by Fermi [70] . The emission at sub-TeV ener¬ 
gies is dominated by the direct photons of the sources. 

For harder emission (T = 2.0, thin lines) the cas¬ 
caded spectrum is still a significant contribution to 
the IGRB. The effect of cascades 7 -rays is clearly vis¬ 
ible as a bump in the GeV-TeV energy range. For 
illustration we also show the effect of a low energy cut¬ 
off in the intrinsic 7 -ray and neutrino spectra (dashed 
lines). As we already emphasized, this emission spec¬ 
trum is not expected for a pp scenario. However, the 
observed 7 -ray spectrum is in this case dominated by 
secondary cascaded photons. The contribution to the 
Fermi IGRB between 100 GeV to 1 TeV is still at the 
level of 10 %. 

In general, this shows that the diffuse 7 -ray contri¬ 
bution to the Fermi IGRB is large for pp scenarios soft 
emission spectra (r > 2 . 2 ) are inconsistent with the 
data m- On the other hand, pj scenarios will most 
likely contribute to the leptonic emission of sources via 
reprocessed 7 -rays. In this case, the hadronic coun¬ 
terparts of the IceCube observation can be identified 
in the source emission itself, but the energy range will 
depend on the particular source type. 


4. Galactic TeV-PeV 7 -rays 

In the previous section we focused on the relation 
between CRs, 7 -rays and neutrinos of extragalactic 
sources, which seem consistent with the absence of 
strong anisotropies in the observed neutrino spec¬ 
trum. However, with the limited angular resolution 
and statistics of the observation it is possible that 
Galactic sources which are sufficiently extended con¬ 
tribute to the data. These extended emission regions 
are also observed by Fermi via the diffuse 7 -ay emis¬ 
sion of the Galactic Plane (GP) [7T] or the extended 
Fermi Bubbles (FB) [721173]. In fact, as indicated in 
the sky map of Fig. [l]two of the PeV cascades (#14 & 
#35) are within angular uncertainties consistent with 
an emission along the Galactic Plane and the weak 
cluster of cascades in an extended region around the 
Galactic Center might also indicate the presence of 
Galactic neutrino emission. 

Over Galactic distances the corresponding emis¬ 
sion of hadronic TeV-PeV 7 -rays are not completely 
attenuated by radiation backgrounds. In particular 
the observation of PeV 7 -rays with an attenuation 
length of about 10 kpc via pair production in the cos¬ 
mic microwave background (CMB) would be a smok¬ 
ing gun for Galactic production [35; [36]. Figure [4] 
shows the interaction length of photons for pair pro¬ 
duction and inverse-Compton scattering of photons 
with the CMB and the extragalactic background light 
(EBL) [73]. Extra-galactic candidate sources for PeV 
neutrino production, like Centaurus A at a distance of 



E [GeV] 


Figure 4: The interaction length of pair production and 
inverse-Compton scattering of photons with the CMB 
and EBL. Typical distance scales like the Galactic Center 
and the close-by radio galaxy Cen A are indicated. 


4 Mpc shown in the plot, are only visible by hadronic 
7 -ray emission below 100 TeV. The diffuse flux of 7 - 
rays from cosmic sources is only visible below 1 TeV 
due to EBL absorption. 

The origin of the extended Galactic 7 -ray emission 
known as the Fermi Bubbles [Z2. is unclear, but lep¬ 
tonic m as well as hadronic [76] [ZZ] scenarios have 
been proposed, which can be distinguished via their 
corresponding neutrino emission [78]. Figure [5] shows 
the recent Fermi result of the emission spectrum of the 
FB region [73]. The red lines shows possible hadronic 
emissions from a power-law CR spectrum with differ¬ 
ent spectral indices and exponential cutoffs assuming 
a pp origin m- The black lines show the correspond¬ 
ing diffuse neutrino flux in comparison with the Ice- 
Cube data. The models indicate that the extrapolated 
neutrino emission is probably irrelevant for PeV neu¬ 
trino emission, but can have a noticeable contribution 
at energies of (1 — 10) TeV [3]. Note, that the exten¬ 
sion of the Fermi Bubbles is only about 10% of the full 
sky. 

A guaranteed contribution to the diffuse emission of 
the Galactic Plane is the hadronic emission produced 
by interactions of diffuse CRs with gas [36, 371 138] , 
In general, this emission is expected to follow the lo¬ 
cal diffuse CR spectrum. Usually it is assumed that 
the average spectrum in our Galaxy is close to the ob¬ 
served one with a power-law E~ 2 ' 75 up to the knee at 
(3 — 4) PeV where the spectrum softens. In this case 
the contribution to the diffuse neutrino flux at PeV 
is not expected to be significant. Nevertheless, some 
authors have argued that the average spectrum in our 
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Figure 5: The diffuse flux from the Fermi Bubbles m 
compared to the diffuse per-flavor neutrino flux observed 
by IceCube[2 [4|. We show hadronic models of 7 -ray (red 
lines) and per-flavor neutrino (black lines) emission. The 
lines show power-law emission of CR protons following 
the model in Ref. [73j (Eq. (16)) with n = 2.1 and 
E cn t = 13.7 TeV (solid) or n = 2.15 and E cut = 200 TeV 
(dashed), respectively. In the case of a large cutoff the 
neutrino emission extends into the energy region studied 
in a. 

Milky Way might be harder and the locally observed 
spectrum might be softer due to a local and recent CR 
injection [80]. Again, this would not only produce an 
anisotropy of the neutrino emission along the GP, but 
also PeV 7 -rays. 

Exotic contributions like decaying heavy dark mat¬ 
ter will also produce an extended emission (47; 48; ;49j 
[50] . About 50% of the Galactic signal will be within 
60° around the Galactic Center. It can be expected 
that these decaying dark matter scenarios leading to 
strong neutrino emission will also produce 7 -rays up 
to an energy set by the mass scale. Interestingly, the 
neutrino emission of extragalactic dark matter decay 
will be at a similar flux level as the Galactic contri¬ 
bution. Hence, the high-energy neutrino events far off 
the Galactic Center can also be accounted for in this 
scenario without fine-tuning. 


5. Summary and Outlook 

The first observation of high-energy astrophysical 
neutrinos have added an important new observable of 
multi-messenger astronomy. Their energy density is 
comparable to the power density of Galactic or ex¬ 
tragalactic cosmic rays integrated over the Hubble 
timescale. It also similar to the energy density of the 
isotropic 7 -ray background. These similarity might be 
the result of calorimetric processes and suggest that 
a large contribution of high-energy messengers have a 


hadronic origin. 

The absence of strong anisotropies in the data can 
be a natural consequence of neutrino emission in ex¬ 
tragalactic sources. The identification of individual 
sources via clusters in neutrino arrival directions is 
challenging due to the limited angular reconstruc¬ 
tion, low signal statistics and large atmospheric back¬ 
grounds. Cross-correlation of neutrino events with 
catalogues of transient and continuous 7 -rays sources 
will provide the best chance to identify the neutrino 
sources. 

Interestingly, the isotropic diffuse 7 -ray background 
observed by Fermi- LAT already constrains extra- 
galactic hadronic emission scenarios. Neutrino pro¬ 
duction via cosmic ray interactions with gas (pp sce¬ 
nario) predict neutrino and hadronic 7 -ray spectra 
that follow the cosmic ray power-law spectrum. The 
tail of sub-TeV 7 -rays for soft spectral indices P > 2.2 
are inconsistent with the observed 7 -ray background 
level. Harder emission scenarios can also be con¬ 
strained by the identification of known diffuse 7 -ray 
contributions, such as unresolved blazars. 

Needless to say that neutrino astronomy would ben¬ 
efit from a larger instrument with an increased sen¬ 
sitivity for neutrino point sources. The proposed 
IceCube-Gen2 extension [81] plans to increase the ef¬ 
fective volume of IceCube by about a factor of 10. For 
transient sources which are not dominated by atmo¬ 
spheric backgrounds this would increase the sensitiv¬ 
ity by about a factor of 10 2 / 3 ~ 5. 


Acknowledgments 

The author would like to thank the organizers of the 
5th Fermi Symposium 2014 for a very pleasant and 
stimulating conference. This work is supported by 
the National Science Foundation under grants OPP- 
0236449 and PHY-0236449. 


References 

[1] IceCube Collaboration, M. Aartsen et al., 

Phys.Rev.Lett. Ill, 021103 (2013), 1304.5356. 

[2] IceCube, M. Aartsen et al., Science 342, 1242856 
(2013), 1311.5238. 

[3] IceCube Collaboration, M. Aartsen et al., 

Phys.Rev.Lett. 113, 101101 (2014), 1405.5303. 

[4] IceCube Collaboration, M. Aartsen et al, (2014), 
1410.1749. 

[5] K. Greisen, Phys.Rev.Lett. 16, 748 (1966). 

[ 6 ] G. Zatsepin and V. Kuzmin, JETP Lett. 4, 78 
(1966). 


eConf C141020.1 












5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014 


7 


[7] S. Schonert, T. K. Gaisser, E. Resconi, and 
O. Schulz, Phys.Rev. D79, 043009 (2009), 
0812.4308. 

[8] T. K. Gaisser, K. Jero, A. Karle, and J. van San- 
ten, Phys.Rev. D90, 023009 (2014), 1405.0525. 

[9] L. A. Anchordoqui, H. Goldberg, F. Halzen, and 
T. J. Weiler, Phys.Lett. B621, 18 (2005), hep- 
ph/0410003. 

[10] O. Mena, S. Palomares-Ruiz, and A. C. Vincent, 
Phys.Rev.Lett. 113, 091103 (2014), 1404.0017. 

[11] A. Bhattacliarya, R. Gandhi, W. Rodejohann, 
and A. Watanabe, JCAP 1110, 017 (2011), 
1108.3163. 

[12] V. Barger et al., (2014), 1407.3255. 

[13] W. Winter, Phys.Rev. D90, 103003 (2014), 
1407.7536. 

[14] IceCube Collaboration, M. Aartsen et al., (2015), 
1502.03376. 

[15] A. Loeb and E. Waxman, JCAP 0605, 003 
(2006), astro-ph/0601695. 

[16] K. Murase, M. Ahlers, and B. C. Lacki, Phys.Rev. 
D88, 121301 (2013), 1306.3417. 

[17] H.-N. He, T. Wang, Y.-Z. Fan, S.-M. Liu, and 
D.-M. Wei, Phys.Rev. D87, 063011 (2013), 
1303.1253. 

[18] L. A. Anchordoqui, T. C. Paul, L. H. M. da Silva, 
D. F. Torres, and B. J. Vlcek, Phys.Rev. D89, 
127304 (2014), 1405.7648. 

[19] X.-C. Chang and X.-Y. Wang, Astrophys.J. 793, 
131 (2014), 1406.1099. 

[20] N. Senno, P. Mszros, K. Murase, P. Baerwald, 
and M. J. Rees, (2015), 1501.04934. 

[21] F. Stecker, C. Done, M. Salamon, and P. Som¬ 
mers, Phys.Rev.Lett. 66, 2697 (1991). 

[22] F. W. Stecker, Phys.Rev. D88, 047301 (2013), 
1305.7404. 

[23] O. Kalashev, D. Semikoz, and I. Tkachev, (2014), 
1410.8124. 

[24] Y. Bai et al, Phys.Rev. D90, 063012 (2014), 
1407.2243. 

[25] S. S. Kimura, K. Murase, and K. Toma, (2014), 
1411.3588. 

[26] F. Tavecchio and G. Ghisellini, (2014), 1411.2783. 

[27] P. Padovani and E. Resconi, 

Mon.Not.Roy.Astron.Soc. 443, 474 (2014), 

1406.0376. 

[28] C. D. Dermer, K. Murase, and Y. Inoue, JHEAp 
3-4, 29 (2014), 1406.2633. 

[29] E. Waxman and J. N. Bahcall, Phys.Rev.Lett. 
78, 2292 (1997), astro-ph/9701231. 

[30] K. Murase and K. Ioka, Phys.Rev.Lett. Ill, 
121102 (2013), 1306.2274. 

[31] S. Ando and J. F. Beacom, Phys.Rev.Lett. 95, 
061103 (2005), astro-ph/0502521. 

[32] S. Dado and A. Dar, Phys.Rev.Lett. 113, 191102 
(2014), 1405.5487. 

[33] K. Kashiyama and P. Meszaros, Astrophys.J. 
790, L14 (2014), 1405.3262. 


[34] V. Berezinsky, P. Blasi, and V. Ptuskin, Astro- 
phys J. 487, 529 (1997), astro-ph/9609048. 

[35] K. Murase, S. Inoue, and S. Nagataki, Astro¬ 
phys.J. 689, L105 (2008), 0805.0104. 

[36] M. Ahlers and K. Murase, Phys.Rev. D90, 
023010 (2014), 1309.4077. 

[37] M. Kachelriess and S. Ostapchenko, Phys.Rev. 
D90, 083002 (2014), 1405.3797. 

[38] J. C. Joshi, W. Winter, and N. Gupta, 3414, 
3419 (2013), 1310.5123. 

[39] D. Fox, K. Kashiyama, and P. Meszaros, Astro¬ 
phys.J. 774, 74 (2013), 1305.6606. 

[40] M. Gonzalez-Garcia, F. Halzen, and V. Niro, As- 
tropart.Pliys. 57-58, 39 (2014), 1310.7194. 

[41] L. A. Anchordoqui, H. Goldberg, T. C. Paul, 
L. H. M. da Silva, and B. J. Vlcek, (2014), 
1410.0348. 

[42] S. Razzaque, Phys.Rev. D88, 081302 (2013), 
1309.2756. 

[43] C. Lunardini, S. Razzaque, K. T. Theodoseau, 
and L. Yang, Phys.Rev. D90, 023016 (2014), 
1311.7188. 

[44] A. M. Taylor, S. Gabici, and F. Aharonian, 
Phys.Rev. D89, 103003 (2014), 1403.3206. 

[45] A. Neronov, D. Semikoz, and C. Tchernin, 
Phys.Rev. D89, 103002 (2014), 1307.2158. 

[46] N. Gupta, Astropart.Phys. 48, 75 (2013), 
1305.4123. 

[47] B. Feldstein, A. Kusenko, S. Matsumoto, and 
T. T. Yanagida, Phys.Rev. D88, 015004 (2013), 
1303.7320. 

[48] A. Esmaili and P. D. Serpico, JCAP 1311, 054 
(2013), 1308.1105. 

[49] Y. Bai, R. Lu, and J. Salvado, (2013), 1311.5864. 

[50] J. F. Cherry, A. Friedland, and I. M. Shoemaker, 
(2014), 1411.1071. 

[51] Particle Data Group, K. Olive et al., Chin.Phys. 
C38, 090001 (2014). 

[52] M. Ahlers and F. Halzen, (2014), 1406.2160. 

[53] A. M. Hopkins and J. F. Beacom, Astrophys.J. 
651, 142 (2006), astro-ph/0601463. 

[54] H. Yuksel, M. D. Kistler, J. F. Beacom, and A. M. 
Hopkins, Astrophys.J. 683, L5 (2008), 0804.4008. 

[55] IceCube Collaboration, M. Aartsen et al, (2014), 
1406.6757. 

[56] IceCube Collaboration, M. Aartsen et al, Astro¬ 
phys.J. 779, 132 (2013), 1307.6669. 

[57] IceCube Collaboration, T. Gluesenkamp, Pro¬ 
ceedings of RICAP 2014 (2014). 

[58] http://gcn.gsfc.nasa.gov 

[59] IceCube Collaboration, M. Aartsen et al, (2014), 
1412.6510. 

[60] E. Waxman and J. N. Bahcall, Phys.Rev. D59, 
023002 (1999), hep-ph/9807282. 

[61] M. Ahlers and F. Halzen, Phys.Rev. D86, 083010 
(2012), 1208.4181. 

[62] B. Katz, E. Waxman, T. Thompson, and A. Loeb, 
(2013), 1311.0287. 


eConf C141020.1 



5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014 


[63] I. Tamborra, S. Ando, and K. Murase, JCAP 
1409, 043 (2014), 1404.1189. 

[64] F. Zandanel, I. Tamborra, S. Gabici, and S. Ando, 
(2014), 1410.8697. 

[65] V. Berezinsky and A. Y. Smirnov, Pliys.Lett. 
B48, 269 (1974). 

[66] V. Berezinsky and G. Zatsepin, Phys.Lett. B28, 
423 (1969). 

[67] V. Berezinsky, A. Gazizov, M. Kachelriess, and 
S. Ostapchenko, Phys.Lett. B695, 13 (2011), 
1003.1496. 

[68] M. Aiders, L. Ancliordoqui, M. Gonzalez-Garcia, 
F. Halzen, and S. Sarkar, Astropart.Phys. 34, 
106 (2010), 1005.2620. 

[69] G. Decerprit and D. Allard, Astron.Astrophys. 
535, A66 (2011), 1107.3722. 

[70] The Fermi LAT collaboration, M. Ackermann 
et al, (2014), 1410.3696. 

[71] Fermi-LAT Collaboration, M. Ackermann et al., 
Astrophys.J. 750, 3 (2012), 1202.4039. 


[72] M. Su, T. R. Slatyer, and D. P. Finkbeiner, As¬ 
trophys.J. 724, 1044 (2010), 1005.5480. 

[73] Fermi-LAT Collaboration, M. Ackermann et al., 
Astrophys.J. (2014), 1407.7905. 

[74] A. Franceschini, G. Rodighiero, and M. Vaccari, 
Astron.Astrophys. 487, 837 (2008), 0805.1841. 

[75] P. Mertsch and S. Sarkar, Phys.Rev.Lett. 107, 
091101 (2011), 1104.3585. 

[76] R. M. Crocker and F. Aharonian, Phys.Rev.Lett. 
106, 101102 (2011), 1008.2658. 

[77] R.-z. Yang, F. Aharonian, and R. Crocker, 
(2014), 1402.0403. 

[78] C. Lunardini and S. Razzaque, Phys.Rev.Lett. 
108, 221102 (2012), 1112.4799. 

[79] T. Kamae, N. Karlsson, T. Mizuno, T. Abe, and 
T. Koi, Astrophys.J. 647, 692 (2006), astro- 
ph/0605581. 

[80] A. Neronov and D. Semikoz, (2014), 1412.1690. 

[81] IceCube Collaboration, M. Aartsen et al., (2014), 
1412.5106. 


eConf C141020.1 



